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Background of the Invention 

Field Of The Invention 

[0001] The present invention provides methods of producing a surface with enhanced cell- 
adhesive properties comprising applying a stress to a polymeric matrix. The strained matrix is 
then modified by grafting a self-assembled monolayer onto the strained matrix, with the self- 
assembled monolayer comprising at least one exposed functional group. At least one cell- 
adhesive molecule can then be coupled to the at least one exposed functional group on the self- 
assembled monolayer to produce a surface with enhanced cell-adhesive properties. 

Background Of Invention 

[0002] Cell and tissue culture in vitro has been routinely practiced in many areas of the 
biological and medical arts. However, many primary cells derived from human tissues are not 
capable of being supported for survival, proliferation, or differentiation in vitro using the 
conventional tissue culture techniques. This inability has limited the application of cell culture 
in areas such as cellular therapies and drug screening because of a gap between the in vivo state 
of the cells where they are organized into three-dimensional tissues that are constantly subjected 
to mechanical stresses and deformations and the in vitro state where the cells try to recapitulate 
the in vivo state on a static two-dimensional surface. Bioengineered tissue/scaffold constructs 
have emerged that are starting to bridge the gap, addressing the three-dimensional aspects of 
living tissues. The importance of mechanical stresses on growth and differentiation of cells in 
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living tissues has also been recognized and accordingly led to the development of in vitro cell 
culture systems allowing stresses to be applied. 

[0003] For example, Flexcell culture systems from Flexcell International Corporation are able to 
apply tensile, compressive or shear stresses to cultured cells. (See, for example, U.S. Patent Nos. 
4,789,601, 4,822,741, 4,839,280, 6,037,141, 6,048,723, and 6,218,178.) U.S. Pat. No. 6,057,150 
discloses that the application of a biaxial strain to an elastic membrane that may be coated with 
extracellular matrix proteins and covered with cultured cells. U.S. Pat. No. 6,107,081 discloses 
another system in which a unidirectional cell stretching device comprising an elastic strip is 
coated with an extracellular matrix on which cells are cultured and stretched. 

[0004] The central component of the above-mentioned cell culture systems that allows for the 
application of mechanical stresses is a flexible substrate that can be deformed easily and in a 
controlled manner, and which also supports cell adhesion and growth comparable to 
conventional cell culture substrates. Silicones, such as poly(dimethyl siloxane) (PDMS), are 
particularly suitable for this application because they are not only highly flexible but also provide 
optical clarity that allows microscopic observation of the cell cultures. However, PDMS surfaces 
do not support cell adhesion, and must to be modified before they can be used as cell culture 
substrates. Surface modification of silicone surfaces is complex and requires the introduction of 
functional groups that either by themselves allow for cell attachment or that are available for 
subsequent coupling of cell adhesion promoting ligands, for example, -NH 2 or -COOH groups. 

[0005] Radio-frequency (RF-) plasma treatment can be used to introduce functional groups into 
the polymer surfaces. For example, an oxygen plasma treatment can be used to turn a 
polystyrene surface that will support only limited cell adhesion into a surface that will readily 
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support cell attachment and growth. However, plasma treated surfaces gradually degrade over 
time because of the migration of the polar functional groups away from the surface into the 
polymer bulk. This effect is increased in PDMS because of the high chain mobility caused by 
the low glass transition temperature (below room temperature) of PDMS. Murakami et al, 
Journal of Colloid and Interface Science 200: 192(1998). 

[0006] Several alternative derivatization methods to create silicone-based cell culture substrates 
are disclosed in U.S. Patent Nos. 4,789,601 and 4,822,741 . Exposure of cured or uncured 
silicone to a Bunsen burner flame leads to the incorporation of elemental carbon particles that 
were found to increase biocompatibility. Amination induced by HC1 treatment followed by 
exposure to NH4OH or ammonia vapor was also found to increase the biocompatibility of that 
surface. Amination followed by peptidization (covalent coupling of a peptide to glutaraldehyde 
activated aminated surface) presents yet another way to improve the biocompatibility of silicone. 
In yet another method, amination is achieved by co-curing a polyorganosiloxane with a primary 
amine- or carboxyl-containing silane or siloxane. 

[0007] A drawback of these conventional surface modification techniques of silicones for cell 
culture application is the limited density of functional groups that are imposed on the surface, 
thus leading to limited cell attachments. 

[0008] Genzer et al have previously reported a surface derivatization method called 
mechanically assembled monolayers (MAMs) on elastomeric silicon substrates rendering the 
surfaces either super-hydrophobic (Genzer et al, Science, 290: 2130 (2000)), covalently coupled 
with dense polymer brushes (Wu et al, Macromolecules, 34: 684 (2001)), or expressing a 
chemical gradient on the surface (Efimenko et al, Advanced Materials, 13: 1560 (2001)). 
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However, it is not clear whether the elastomeric silicon substrates modified by this surface 
derivatization method is feasible for cell culture and cell growth. Thus, there is a need in the art 
for improved substrates and methods for culturing cells that support cell adhesion, growth and 
differentiation and that allow the application of mechanical stress to the cells. 

Summary Of Invention 
[0009] The present invention provides methods of producing a surface with enhanced cell- 
adhesive properties comprising applying a stress to a polymeric matrix. The strained matrix is 
then modified by grafting a self-assembled monolayer onto the strained matrix, with the self- 
assembled monolayer comprising at least one exposed functional group. At least one cell- 
adhesive molecule can then be coupled to the at least one exposed functional group on the self- 
assembled monolayer to produce a surface with enhanced cell-adhesive properties. 

[0010] The present invention also provides a cell culture device. In the cell culture device of the 
present invention, cells adhere to at least one cell-adhesive molecule that is coupled to a self- 
assembled monolayer. 

Brief Description Of Drawings 
[0011] Figure 1 depicts results from ESCA (Electron Spectroscopy for Chemical Analysis) at 
each stage in the modification process. Immobilized GRGDS peptide was identified on the 
PDMS substrate stretched 50% prior to UVO treatment (as evidence by the presence of 
nitrogen). This data indicates that increasing the strain applied to the sample also increases the 
grafting density of the ligand. 

[0012] Figure 2 depicts a micrograph of calcein-stained cells cultured on a surface prepared by 
the methods of the present invention. 
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Detailed Description Of Invention 
[0013] The present invention provides methods of producing a surface with enhanced cell- 
adhesive properties comprising applying a stress to a polymeric matrix. The strained matrix is 
then modified by grafting a self-assembled monolayer onto the strained matrix, with the self- 
assembled monolayer comprising at least one exposed functional groups. At least one cell- 
adhesive molecule can then be coupled to the at least one exposed functional group on the self- 
assembled monolayer to produce a surface with enhanced cell-adhesive properties. 

[0014] The methods of the invention result in a surface suitable for cell culture with enhanced 
cell-adhesive properties. As used herein, "enhanced cell-adhesive properties" is a relative term 
that requires comparing the cell-adhesive properties of the surface of the flexible polymer matrix 
with the cell-adhesive properties of the surface of the polymer matrix after performing the 
methods of the invention described herein. A "cell-adhesive property" is a property of the 
surface and is used to indicate the ability of live cells, or a live cell, to adhere or attach to the 
surface and be able to, at a minimum, withstand gentle sheer forces, e.g., gentle shaking, or 
removal and/or addition of culture media, without detaching. Of course, a surface's cell- 
adhesive properties may be stronger such that the attached live cells or cell may be able 
withstand virtually any amount of sheer force without detaching. As used herein, a live cell is a 
cell that is metabolically active. A live cell need not actively grow or actively divide, provided 
the cell is metabolically active. 

[0015] Thus, the methods of the current invention increase the ability of live cells to attach or 
remain attached to the surface of the polymer matrix after treatment. The increase in ability of 
the cells to adhere can be examined in a number of ways including, but not limited to, examining 
the number of adherent cells with increasing sheer forces and performing competition assays. 
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The surface may possess cell-adhesive properties prior to performing the methods of the present 
invention, or the surface may not possess any cell-adhesive properties prior to the methods of the 
present invention. 

[0016] The present invention also provides a device comprising a surface, with the surface 
comprising a flexible polymer matrix, a mechanically self-assembled monolayer, and at least one 
cell-adhesive molecule coupled to the mechanically self-assembled monolayer through 
functional groups on the self-assembled monolayer. The surface of the self-assembled 
monolayer can be intensely packed, in an adjustable manner, with the cell-adhesive molecule. 
Cell-adhesive molecules, such as extracellular matrix (ECM) components or growth factors, are 
coupled to the exposed functional groups on the self-assembled monolayer. These functional 
groups are either "native" to the self-assembled monolayer material or are "introduced." Such 
immobilized cell-adhesive molecules provide sites on the surface for cell attachment. At the 
same time, the underlying polymer is flexible and deformable and can be stretched or otherwise 
deformed and released to impart mechanical forces to adhering, growing cells. This environment 
can more closely mimic the cells' environment in vivo than other conventional two-dimensional 
tissue culture substrates such as "tissue culture" polystyrene. 

[0017] The polymer matrix must be elastomeric, flexible, and deformable. Preferably, the 
matrix is characterized by a strain of up to about 200% in response to an effective stress, more 
preferably, by a strain of up to about 100% in response to an effective stress, and still more 
preferably, by a strain of between about 40% and about 80% in response to an effective stress. 
By strain is meant deformation, defined as AL/L0, where AL is the change in length and L0 is the 
original length. Preferably, the polymer matrix is characterized in that it undergoes an elastic 
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stress-strain response in which the polymer matrix returns to approximately its original length 
after application and cessation of the stress. 



[0018] The flexible polymer matrix comprises polydimethyl siloxane (PDMS) or any other 
polyorganosiloxane. Polyorganosiloxanes are linear and cyclic compounds such as, but not 
limited to, dimethylvinylsilyl-terminated dimethylpolysiloxanes, trimethylsilyl-terminated 
(methylvinyl)(dimethyl)polysiloxane copolymers, dimethylvinylsilyl-terminated 
(methylvinyl)(dimethyl)polysiloxane copolymers and cyclic methylvinylpolysiloxanes. 

[0019] Chemical sensor particles may be dispersed in the flexible polymer matrix, which 
particles imparts the chemical sensing capability to the composition. For example, chemical 
sensor particles may be oxygen sensor particles capable of responding to oxygen present in a 
solution contacting the flexible polymer matrix. The oxygen-sensing particles may have a 
luminescent compound that changes its luminescent property in response to oxygen. Examples 
of luminescent oxygen-sensing particles include, but are not limited to, any salt of tris-4,7- 
diphenyl-l,10-phenanthroline ruthenium (II), any salt of tris-Z^'-bipyridyl-ruthenium (II), any 
salt of tris-l,7-diphenyl-l,10 phenanthroline ruthenium (II), and 9,10-diphenyl anthracene. 
Luminescent particles can also include platinum (II) octaethyl porphyrin complexes, palladium 
(II) octaethyl porphyrin complexes, palladium-meso-tetra(4-carboxyphenyl) porphine, 
palladium-meso-tetra(4-carboxyphenyl) porphyrin dendrimer and palladium-meso-tetra(4- 
carboxyphenyl) tetrabenzoporphyrin dendrimer. 

[0020] Examples of salts of tris-4,7-diphenyl-l,10-phenanthroline ruthenium (II) include, but are 
not limited to, tris-4,7-diphenyM,10-phenanthroline ruthenium (II) dichloride pentahydrate, tris- 
4,7-diphenyl-l,10-phenanthroline ruthenium (III) trichloride, tris-4,7-diphenyl-l,10- 
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phenanthroline ruthenium (II) diperchlorate and tris-4,7-diphenyl-l,10-phenanthroline ruthenium 
hexafluorophosphate. An example of a salt of tris-2,2'-bipyridyl-mthenium (II) includes, but is 
not limited to, tris^^'-bipyridyl-ruthenium (II) chloride hexahydrate. An example of a salt of 
tris-l,7-diphenyl-l,10 phenanthroline ruthenium (II) includes, but is not limited to, tris-1,7- 
diphenyl-1,10 phenanthroline ruthenium (II) dichloride. 

[0021] The polymer matrix may be in the form of a three-dimensional scaffold having internal 
surfaces to which the self-assembled monolayer is grafted and the cell-adhesive molecule is 
subsequently coupled. 

[0022] The methods of the current invention comprise grafting a self-assembled monolayer onto 
the surface of the strained polymeric matrix. The self-assembled monolayers used in the present 
invention are alkylsilane derivatives, which are represented by the formulae RSiX3, R2SiX2, or 
R 3 SiX, wherein X is chloride or alkoxy and R is a carbon chain containing the functional groups. 
The exposed functional groups of the self-assembled monolayer may be amines, thiols, pyridyl, 
carboxyl, vinyl, sulfydryl, or aldehyde groups. In one embodiment, the self-assembled 
monolayer is a chlorosilane-based oligomer or polymer including, but not limited to, a 
trichlorosilane-based oligomer or polymer. 

[0023] The methods of the current invention also comprise activating the exposed functional 
groups on the self-assembled monolayer by treating the self-assembled monolayer with a 
carbodiimide, along with a stabilizing reagent. The carbodiimide may be 
ethyldimethylaminopropylcarbodiimide (EDC). The reactive intermediate ester stabilizing 
compound may be N-hydroxysuccinimide (NHS), hydroxysulfosuccinimide, or 
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hydroxybenzotriazolohydrate. In one embodiment, the reactive intermediate ester stabilizing 
compound is sulfo-NHS. 

[0024] Next, the methods of the current invention comprise coupling at least one cell-adhesive 
molecule to the activated reactive groups. The coupling to the reactive groups can be any form 
of bond that attaches the cell-adhesive molecule to the activated, exposed reactive groups, such 
as, for example, an ionic bond, a hydrogen bond, a metallic bond, a polar bond, and a covalent 
bond including, but not limited to, peptide bonds. 

[0025] As used herein, a cell-adhesive molecule is a molecule that increases adhesiveness of 
cells either to other cells, e.g., cell-cell adhesion molecules (CAMs), or to substrates or surfaces, 
e.g., cell-substrate adhesion molecule. Cell-adhesive molecules can be any class of chemical, 
including, but not limited to, a protein, a protein fragment, a polypeptide, an oligopeptide, an 
amino acid, a proteoglycan, a glycoprotein, a lipoprotein, a carbohydrate, a disaccharide, a 
polysaccharide, a nucleic acid, an oligonucleotide, a polynucleotide, a small organic molecule, a 
small inorganic molecule, a synthetic polymer and a natural polymer. Typical examples of cell- 
adhesive molecules include, but are not limited to, the major classes of traditional cell adhesion 
molecules, such as integrins, selectins, cadherins and the immunoglobulin members, as well as 
growth factors, extracellular matrix molecules, receptors and antibodies, or functional (i.e., 
binding) fragments thereof. 

[0026] The major classes of cell adhesion molecules include the integrins, selectins, cadherins 
and members of the immunoglobulin (Ig) superfamily. Each of the classes of cell adhesion 
molecules include several, well-known members that are widely recognized in the art. 
Additionally, new cell-adhesive molecules may be identified by one of several ways, including 
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but not limited to, interactions with antibodies known to disrupt cell adhesion, 
immunoprecipitation, cloning of putative CAMs or SAMs from expression libraries, binding or 
competition assays, conjugation of the putative cell-adhesive molecule to microspheres, 
attachment assays, centrifugal-force assays and transfection experiments. Examples of known 
cell adhesion molecules include, but are not limited to, E-cadherin, P-cadherin, N-cadherin, B- 
cadherin R-cadherin, EP-cadherin, OB-cadherin, M-cadherin, cadherin-5, cadherin-12, 
protocadherin 43, desmocollin 1, desmoglein 1, aiPiintegrin, a 2 piintegrin, a 3 piintegrin, 
a 4 Piintegrin, a 5 Piintegrin, a v piintegrin, a L p2integrin, a M P2integrin, a v P3integrin, P-selectin, E- 
selectin, intercellular adhesion molecule 1 (ICAM 1), ICAM 2, neural cell adhesion molecule 
(NCAM), platelet-endothelial cell adhesion molecule (PECAM), vascular adhesion molecule 
(VCAM), carcinoembryonic antigen and LI. 

[0027] Examples of antibodies, or functional fragments thereof, that are cell-adhesive molecules 
include, but are not limited to, CD34, CD133 and CD38. Examples of suitable growth factors 
include, but are not limited to, basic fibroblast growth factor (bFGF) and vascular endothelial 
growth factor (VEGF). 

[0028] Extracellular matrix (ECM) molecules include, but are not limited to, the two major 
classes of ECM molecules: glycosaminoglycans and fibrous proteins. Glycosaminoglycans are 
polysaccharide chains that are usually covalently linked to a protein or proteoglycan. The 
fibrous proteins include, but are not limited to, collagen types, I, II, III, IV, V and VI, elastin, 
laminin, vitronectin and fibronectin. 

[0029] The amount of cell-adhesive molecule used in the coupling reaction will vary, depending 
on several factors, including, but not limited to, the concentration or density of exposed, 
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activated reactive groups on the surface, the desired increase in adhesiveness of the resulting 
surface, the chemical and physical properties of the cell-adhesive molecule, and the conditions 
(e.g., temperature, pressure, time and pH) under which the methods of the current invention take 
place. 

[0030] The methods of the current invention encompass using one or more cell-adhesive 
molecules. For example, more than one type of cell-adhesive molecule, e.g., collagen I and 
collagen IV, may be coupled to the reactive groups, or a single type of cell-adhesive molecule, 
e.g., collagen VI, can be coupled to the reactive groups. 

[0031] The present invention provides not only the above polymer composition providing for 
cell attachment and growth surface, but also a flexible cell culture system or vessel using this 
surface that supports cell attachment and growth while also being amenable to the application of 
physical stretching and deformation forces to cells cultured thereon. Thus, the present invention 
provides a cell culture device comprising the composition of the present invention for cell 
attachment and cell culture. In the cell culture device, the composition of the present invention is 
in, associated with, or in the form of, a cell culture vessel. 

[0032] The cell culture vessel may be a multiwell microplate having wells, each of which 
comprises the polymer matrix. The cell culture device is susceptible to deformation upon 
application of mechanical forces such that adherent cells cultured in said device are subjected to 
the mechanical forces applied to and through the polymer matrix. The present invention further 
provides a cell culture comprising cells adherent to the composition of the present invention in 
the cell culture device of the present invention in cell culture medium. 
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[0033] Three-dimensional structures, e.g., foams, made out of silicone, incorporating internal 
surfaces that are modified with biologically active ligands, either with or without ruthenium dye, 
that can be subjected to mechanical stresses and strains. 

[0034] The methods of the present invention can be performed as follows: 

[0035] Application of Stress. 

[0036] A stress is applied to a flexible polymer matrix to be used in the present invention, 
preferably a PDMS or any other polyorganosiloxane, resulting in a strain that is maintained (e.g., 
by clamping the material in a mechanical vice). The level of stress, and thus resulting strain, 
may be adjusted so that the surface area of the flexible polymer matrix that is available for the 
attachment of the self-assembled monolayer is adjusted, to thereby control and adjust the density 
of grafted self-assembled monolayer on the surface. 

[0037] Modification with self-assembled monolayer. 

[0038] The surface of the strained polymer matrix is modified by grafting thereto a self- 
assembled monolayer having exposed functional groups, thereby producing a self-assembled 
monolayer-modified strained matrix. The self-assembled monolayer may have native exposed 
functional groups. Alternatively, the self-assembled monolayer may be chemically modified to 
introduce exposed functional groups prior to the addition of the cell-adhesive molecule. 

[0039] When a flexible polymer matrix grafted with a self-assembled monolayer that has 
exposed functional groups has been provided the application of stress and modification with the 
self-assembled monolayer are omitted and the matrix is then modified with cell-adhesive 
molecule. 
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[0040] Coupling of the cell-adhesive molecule. 

[0041] The functional groups of the self-assembled monolayer may be activated by treating the 
self-assembled monolayer with a carbodiimide and a reactive intermediate ester stabilizing 
compound to form a stabilized active ester intermediate on the self-assembled monolayer. Then, 
a cell-adhesive molecule having free amine groups is added to the active ester intermediate 
resulting in the formation of amide bonds where the amine groups of the CAP bond covalently 
with the activated ester groups, thereby producing the composition. 

[0042] The carbodiimide may be ethyldimethylaminopropylcarbodiimide (EDC). The reactive 
intermediate ester stabilizing compound may be N-hydroxysuccinimide (NHS), 
hydroxysulfosuccinimide, or hydroxybenzotriazolohydrate. Preferably, the reactive intermediate 
ester stabilizing compound is sulfo-NHS. The concentration of each of the EDC and the sulfo- 
NHS is between about 0.4 mg/ml and about 40 mg/ml, preferably between about 1 mg/ml and 
about 10 mg/ml; more preferably, the concentration of EDC and the sulfo-NHS are each about 4 
mg/ml. 

[0043] In another embodiment, a self-assembled monolayer may be provided with a functional 
group that is capable of reacting with a cell-adhesive molecule and result in coupling of the cell- 
adhesive molecule without prior activation. For example, coupling of amine-group containing 
cell-adhesive molecules to a self-assembled monolayer bearing aldehyde functional groups will 
occur spontaneously upon exposure of the aldehyde-terminated self-assembled monolayer with 
the cell-adhesive molecule-containing solution. In this example, a reducing agent may also be 
present in the cell-adhesive molecule solution to reduce the hydrolytically instable SchifPs bases 
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that are formed between the aldehyde on the self-assembled monolayer and the amine on the 
cell-adhesive molecule to a more stable amide bond. 

[0044] Release of Stress. 

[0045] Finally, the stress applied on the flexible polymer matrix is released. The release occurs 
either after the self-assembled monolayer becomes grafted on the surface, but prior to the 
addition of the cell-adhesive molecule, or the polymer is maintained as a strained matrix and not 
released until the cell-adhesive molecule has been coupled to the functional groups of the self- 
assembled monolayer. In either case, the release of the flexible polymer causes the flexible 
polymer to return to its less stretched state, and the self-assembled monolayer and subsequently 
bonded cell-adhesive molecule become more condensely packed on the surface of the polymer 
matrix. 

[0046] In the present invention, the density of the grafted self-assembled monolayers may be 
adjusted by the stretch extension of the polymer matrix, the degree of plasma treatment of the 
polymer matrix surface (which affects the number of graft points available on the surface), or the 
concentration of the self-assembled monolayer used in the grafting reaction. Further, the density 
of the cell-adhesive molecules may be adjusted by modifying the density of the self-assembled 
monolayer or adjusting the concentration of cell-adhesive molecules used in the coupling 
reaction or both methods. 

[0047] Furthermore, the present invention provides a method for culturing cells on the devices of 
the present invention. Cells are added onto the device and permitted to adhere to the surface and 
grow in a culture medium. The cells cultured on the devices of the present invention may be 
subjected to a mechanical force by applying a stress to the polymer matrix that deforms the 
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matrix. The stress to the polymer matrix is applied by methods known to those skilled in the art, 
for example, mechanical stretching or compression, shear force, or vacuum. Cells are grown on 
a substrate that comprises the above surface under conditions in which the cells are subjected to 
stresses and forces that can be imposed in a controlled manner. 

[0048] On these flexible substrates, a mechanical force can be applied that is either constant or 
oscillatory. If the force is constant, it can be applied gradually so that the cell culture substrate is 
continuously expanding, thus, for example, preventing cell contact-contact growth inhibition. If 
the force is oscillatory, it may be applied in sinusoidal or any other wave form, as a step 
function, as a tensile force or a compressive force, by flexing and extending the material in one 
direction (unilaterally) or in different directions simultaneously (multilateral). 

[0049] In this way, cell culture on this novel substrate can better mimic the environment in vivo. 
Therefore, this invention is particularly useful for ex vivo cell cultures that maintain primary cells 
explanted from a subject in a more physiologic state while permitting the study of the effects of 
various factors, such as drugs, on the cell morphology and function. 

[0050] The following examples are illustrative, but not limiting the scope of the present 
invention. Reasonable variations, such as those that will be evident to the ordinary artisan, can 
be made herein without departing from the scope of the present invention. 

Examples 

[0051] Example 1 - Preparation of a Silicone Surface by Applying Stress to the Polymer 

[0052] PDMS networks were prepared by casting a mixture of PDMS (molecular weight=49.5 
kDa) and a cross-linker into a film (thickness^). 5 mm) and curing it at 55°C for 1 hr under a 
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vacuum. Following extraction in toluene (24 hrs), the samples were dried completely. Strips 
(1x5 cm) of the material were uniaxially stretched in a custom-designed apparatus and exposed 
to the UV/ozone treatment for 30 minutes, which produced PDMS-UVO surfaces with a large 
number of hydrophilic groups. The PDMS-UVO specimens were exposed to a vapor of 
undecenyl trichlorosilane (UTS), whose molecules formed a self-assembled monolayer (SAM) 
on the PDMS-UVO surfaces. After the UTS attachment, the strain was released from the 
substrate, which returned to its original size, causing the attached molecules to pack closely. The 
degree of packing of the UTS moieties was found to be proportional to the initial strain on the 
PDMS network. Carboxylic acid groups were generated on the surfaces by oxidizing the vinyl 
groups of UTS with KMn0 4 . Finally, standard aqueous carbodiimide coupling chemistry 
(EDC/Sulpho-NHS) was used to covalently attach a biologically active ligand, e.g., the well- 
know cell-adhesive peptide GRGDS, to the carboxylic acids via a zero-length amide linkage. 

[0053] ESCA was used to confirm successful immobilization of the biologically active ligands 
by monitoring the atomic composition of the MAM surface, in particular nitrogen content, as 
shown in Figure 1 and Table 1 . Specifically, Figure 1 shows that immobilized GRGDS was 
identified on the PDMS substrate stretched 50% prior to UVO treatment (as evidence by the 
presence of nitrogen). No nitrogen was detected on any sample prior to GRGDS coupling. Even 
after coupling, nitrogen was only detected for the 50% stretched sample, illustrating that the 
density of immobilized GRGDS was not sufficient to be detected by ESCA for samples stretched 
less than 50%. This data indicates that increasing the strain applied to the sample also increases 
the grafting density of the ligand. 

[0054] MC3T3 cells were used to assess the bioactivity of grafted ligands. MC3T3 cells were 
cultured on GRGDS and fibronectin modified PDMS substrates in a low serum-containing 

16 



Attorney Docket No.P-5838 

medium (alpha-Modified Eagle Medium (Dubelco) with 2% fetal calf serum, 1% 
penicillin/streptomycin). Typically, MC3T3 cells are grown in 10% FCS containing media; 
however, to properly assess the bioactivity of the grafted GRGDS or fibronectin, lower serum 
concentrations were used as to not mask the biological effect of the GRGDS or fibronectin 
coupled to the surface. Cells adhered to both GRGDS modified and fibronectin modified 
substrates. See Figure 2. 

Table 1 - Percentage of Elements Found at Various Levels of Surface Strain 
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